Introduction
Malignant ascites (MA), defined as the abnormal accumulation of cancer-containing fluid in the peritoneal cavity, is a sign of peritoneal carcinomatosis. 1 It is caused by a variety of primary abdominal and extra-abdominal cancers. The former category mainly includes gastric cancer (GC), colorectal cancer, pancreatic cancer, ovarian cancer, and primary peritoneal carcinomatosis. The category of extra-abdominal cancers includes breast cancer, lung cancer, lymphoma, and some unknown primary cancers.
1,2 MA presents a difficult clinical problem that causes distressful symptoms, including abdominal pain and distension, nausea, vomiting, dyspnea, and anorexia. MA is a grave prognostic sign with a median survival time of less than 6 months. chemotherapy. These are palliative procedures mainly to relieve symptoms, and they have limited efficacy and some degree of risk. 1, 2 MA is distinctive exudate containing cancer cells, macrophages, mesothelium cells, lymphocytes, and other cell components. Macrophages and lymphocytes are immunocytes; both have been confirmed to play important roles in cancer progression. [5] [6] [7] [8] [9] At present, studies on MA at the cellular level are limited. In clinical practice, MA is mainly used to prepare cell smears to observe whether there are cancer cells. The immunocytes have not been investigated systematically.
The staining methods mainly include Giemsa staining, Haematoxylin and Eosin (HE) staining, and immunohistochemistry (IHC). Giemsa staining and HE staining are single-color staining techniques that focus on cancer cells and are not able to reveal different cell types simultaneously. Although IHC can be visible with multiplexed imaging, IHC multiplexed imaging techniques based on organic dyes and fluorescent proteins such as fluorescein isothiocyanate and rhodamine have several shortcomings in common. [7] [8] [9] As a result, these organic dye-based or fluorescent protein-based IHC multiplexed imaging technologies are usually limited to research purposes and have few clinical applications. [10] [11] [12] Quantum dots (QDs) are inorganic nanoparticles with unique optical and electronic properties. They have promising potential applications in many fields, such as medicine and energy. 10, 11 Compared with organic dyes and fluorescent proteins, QDs have higher fluorescence efficiency, intensity, stability, and constant excitation wavelength, and they have narrower emission spectra; these properties allow simultaneous excitation of multiple QDs in the same area with one light source. 9, 12 In this work, we developed a QD-based multiplexed imaging technique for MA, and a new model for MA classification and prognosis. Before using QD-based IHC staining with MA, we stained with GC tissue to optimize the staining conditions and explore the GC microenvironment. Then we developed the QD-based multiplexed imaging of MA with the optimized staining conditions.
Material and methods

Patients for gc tissue specimens and for Ma cell preparations
We obtained ten GC tissues and 20 MA samples from the Department of Oncology, Zhongnan Hospital of Wuhan University (Wuhan, People's Republic of China), and the study protocol was approved by ethics committee of hospital. The tumor tissues were prepared with conventional histopathology procedures, and tissue slides (3 μm thickness) were used for QD-based multiplexed imaging as detailed in the next section. The median age of patients with MA was 60 years (range 22-80). The major clinicopathological characteristics of patients with MA are listed at Table 1. conventional Ihc and QDs-based Ihc for gc tissue slides All GC tissue slides were preheated at 65°C for 1 hour and then deparaffinated in xylene three times, each for 6 minutes. Then, tissue and cell hydration was carried out by successively immersing the samples in 100%, 95%, 95% and 85% ethanol for 6 minutes, 3 minutes, 3 minutes, and 3 minutes, respectively, and was followed by rinsing the samples in water for 5 minutes. Then, for antigen retrieval, the slides were pretreated in 0.01 M citrate buffer (pH 6.0) and heated at 98°C for 15 minutes. After cooling in the citrate buffer at room temperature, the slides were washed in water and stored in a solution of Tris-buffered saline (TBS) and buffer containing 0.05% Tween 20 until they needed to be used.
For conventional IHC, GC tissue slides were immersed in 3% H 2 O 2 for 10 minutes at 37°C to quench endogenous peroxidase activity. Then, slides were blocked with 2% bovine serum albumin (BSA) for 10 minutes at 37°C. Next, the slides were incubated overnight at 4°C in these combinations: 1) mouse anti-human monoclonal antibody against carcinoembryonic antigen (CEA) (ab-4451, dilution 1:300) (Abcam, Cambridge, UK); 2) mouse anti-human monoclonal antibody . Finally, the reaction products were visualized with diaminobenzidine (Dako, Glostrup, Denmark). As a negative control, the primary antibody was replaced by TBS. For simple QD-based IHC staining, after being blocked with 2% BSA for 30 minutes at 37°C, the slides were incubated with the primary antibodies overnight at 4°C. The slides were then incubated for 2 hours with the corresponding QD probes that were secondary antibodies conjugated with QD on the F(ab') 2 fragments: 1) QD-525 goat F(ab') 2 anti-mouse IgG conjugate (QD-525), which emits green light and whose dilution was 1:200 (Thermo Fisher Scientific, Waltham, MA, USA); 2) QD-585 goat F(ab') 2 antirabbit IgG conjugate (QD-585), which emits yellow light and whose dilution was 1:200 (Thermo Fisher Scientific); and 3) QD-655 rabbit F(ab') 2 anti-goat IgG conjugate (QD-655), which emits red light and whose dilution was 1:500 (Thermo Fisher Scientific).
For multiple QD-based IHC staining, in order to improve the staining sensitivity, cancer cells were simultaneously marked with anti-CEA, anti-CA125, and anti-CA19-9 antibodies, and lymphocytes were simultaneously marked with anti-CD3 and anti-CD20 antibodies. Cells were recognized as cancer cells if only green was visible and as lymphocytes if only red was visible. The primary antibodies of three different species (mouse, rabbit, and goat) were mixed and simultaneously incubated with the slides. Correspondingly, the three QD probes were mixed to incubate and to stain the corresponding antibodies.
MA smears preparation and cell paraffin embedding MA was centrifuged at 3000 rotations per minute at room temperature for 5 minutes. The supernatant was discarded, and the sediment was resuspended in the residual liquid. Part of the cell mixture (10 μL) was transferred to a slide, and cell smears were made. They were dried at room temperature for 2 hours, then fixed in 4% paraformaldehyde for 20 minutes. The smears were washed in TBS three times each for 3 minutes, and then dried at room temperature for 1 hour. The prepared spears were either subjected to Giemsa staining or sealed in tin foil and stored in dark at -20°C until they needed to be used. The rest of the cell mixture was centrifuged at 3,000 rotations per minute at room temperature for 5 minutes again. Then, the supernatant was discarded and the sediment was dried. Paraffin was embedded in accordance with a standard procedure for serial slides (3 μm thickness) and subjected to either conventional HE staining or QD-based IHC staining as detailed in the next section.
QD-based Ihc for Ma cell spears and Ma cell slides
For QD-based IHC staining, before being labeled with a primary antibody, MA cell slides were prepared as GC slides by using the procedure previously mentioned. MA cell spears were first treated with 0.01% triton-X 100 as surfactant for 10 minutes to improve the permeability of cell membranes and expose antigenic determinants. The spears were then blocked with 2% BSA for 30 minutes at 37°C. All MA cell spears and slides were incubated with mixed primary antibodies from different specimens overnight at 4°C. Then, they were incubated with corresponding mixed QD probes for 2 hours after being blocked with 2% BSA for 30 minutes at 37°C.
Image acquisition and processing
All slides and smears were examined under an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan) equipped with an Olympus DP72 camera (Olympus Corporation) and CRi Nuance multiplexed imaging systems (Cambridge Research and Instrumentation, Inc., Hopkinton, MA, USA). QD-based IHC staining sections were excited by ultraviolet light (330-385 nm). HE, conventional IHC, and QD-based IHC staining images were captured by the DP72 camera under the same conditions. QD-based IHC staining cubes that contained complete spectral information at 10-nm wavelength intervals from 420-720 nm were captured by CRi Nuance systems under the same conditions. For the spectral unmixing of the cubes, the analysis software package that came with the Nuance system was used.
For each MA slide, cell images were captured at magnifications of 100 times, 200 times, and 400 times. The ratio of cancer cells to immunocytes was calculated for each case. 
Results
Ihc and QD-based Ihc staining of gc tissue
GC tissue samples were successfully stained with all antibodies, including anti-CEA, anti-CA125, anti-CA19-9, anti-CD68, anti-CD3, and anti-CD20 antibodies ( Figures 1A-1F , respectively), with good sensitivity and specificity for both conventional IHC staining ( Figures 1A1-1C1 and 1D1-1F1 ) and QD-based IHC staining ( Figures 1A2-1C2 and 1D2-1F2 ). From these simple staining samples, it was observed that macrophages and lymphocytes surrounded tumor nests and cancer cells. Furthermore, they presented lineal distribution on one side of the tumor nests and cancer cells, and there were some macrophages in tumor nests as well ( Figures 1D1  and 1F1, black arrow) . Moreover, more macrophages and lymphocytes presented at the cancer invasion front.
Then, a QD-based multiplexed imaging technique was developed to simultaneously reveal the presence of GC cells, macrophages, and lymphocytes in the tumor microenvironment ( Figure 2 ). It was found that macrophages and lymphocytes tended to present lineal distribution synchronously.
Interactions between cancer cells and immunocytes in Ma
By using this QD-based multiplexed imaging technology of GC tissue as a basis, we have established an optimized protocol for QD-based multiplexed imaging of cancer cells and immunocytes in MA. This technology revealed four types of interactions between cancer cells and immunocytes in the MA (Figure 3 ): 1) a few cancer cells were surrounded by numerous lymphocytes ( Figures 3A1 and 3A2) ; this finding suggests enhanced host immune reactions against cancer cells in MA; 2) cancer cells were approached but could not be surrounded by macrophages ( Figures 3B1 and  3B2) ; this finding suggests the reduced ability of the host's immune system to limit cancer cells; 3) numerous cancer cells surrounded the macrophages ( Figures 3C1 and 3C2) ; this finding indicates significantly compromised host immune reactions against cancer cells; and 4) cancer cells and immunocytes were unrelated ( Figures 3D1 and 3D2) Figures 4A1-4A5) ; this finding suggests that there were strong immune reactions to highly proliferating cancer cells in MA; 2) numerous cancer cells and almost no immunocytes existed in the slide ( Figures 4B1-4B5) ; this finding suggests that immune reactions against cancer cells and highly proliferating cancer cells in MA were destroyed; 3) a few cancer cells were immersed in numerous immunocytes ( Figure 4C1-4C5) ; this finding suggests that the effect of boosting host immunity against cancer cells in MA and the cancer cells proliferation was limited; and 4) a few cancer cells and immunocytes coexisted in the slide ( Figure 4D1-4D5) ; this finding indicates fewer immune reactions against less active cancer cells in MA.
Quantitative evaluation between cancer cells and immunocytes
To further investigate the relationship between cancer cells and immunocytes in MA, we calculated the ratio of cancer cells to immunocytes, and such quantitative analysis revealed four types of quantitative relations between cancer cells and immunocytes (Figure 4): 1) numerous cancer cells and immunocytes coexisted in the same slide (
MA classification
On the basis of the interactions and quantitative relations of cancer cells and immunocytes and on the basis of the different immune reactive states, MA can be divided into four categories: 1) immunocyte-dominant type; 2) immunocyte-reactive type; 3) cancer cell-dominant type; and 4) cell-deletion type (Table 2) .
To quantitatively investigate the relationships between cancer cells and immune cells, we calculated the ratio of cancer cells to immunocytes for each MA (Table 3, Figure 5 ). The mean ratios for the four categories of MA were 0.50, 1.43, 6.67, and 0.74 (P,0.01), respectively, for immunocytes-dominant type, immunocytes-reactive type, cancer cells-dominant type, and cell-deletion type; this finding indicates the different immunological statuses of the patients and cancer cell activity (Table 3, Figure 5A ). The ratios of cancer cells to immunocytes in MA from different primary tumors were also different. The mean ratios of MA from GC, colorectal cancer and ovarian/endometrial cancer were 1.70, 0.67 and 2.36, respectively (Table 3, Figure 5B ). Although such differences were not statistically significant (P=0.530), they do reflect the clinical reality that MA from colorectal cancer has a relatively slower progression than MA from either GC or gynecological malignancies. 
Discussion
The major components of the tumor microenvironment are stromal cells, collagens, matrix metalloproteinases, infiltrating inflammatory cells, and tumor neovessels. The tumor microenvironment is becoming more widely recognized as playing an important role in tumor growth, progression, and metastasis. 7, 8, 12 Tumor-infiltrating immunocytes have strong influence on tumor growth, progression, and metastasis, and they are independent of the TNM stage. 13, 14 Tumor-infiltrating macrophages are also involved in tumor development and are associated with a poor clinical prognosis. [15] [16] [17] Tumor-infiltrating lymphocytes are associated with effective therapeutic responses and favorable clinical outcomes. 18, 19 However, current research about tumor microenvironments has been mainly focused on primary cancers, and to our knowledge, seldom has attention been paid to the microenvironment of malignant ascites, 20, 21 particularly the complex interactions between cancer cells and immunocytes. Until now, the pathological characteristics of MA microenvironment have been unclear.
In this work, in order to gain direct insight into the MA microenvironment, we developed a new QD-based multiplexed imaging method for studying the interaction and the quantitative relations of cells in MA.
To improve diagnostic accuracy, researchers explored many methods in addition to cytology. From previous studies, methods such as relative lymphocyte count, MA tumor markers, and telomerase activity were examined. is still the recognized gold standard in clinical practice. Cytology provides direct insight into the cell components of MA. Although cytology has long been used to detect malignant cells, it has rarely been used in studying the tumor cell microenvironment, except for studying mesothelial cells. 27, 28 In the study by Matte et al 28 mesothelial cells and cancer cells had important interactions, and mesothelial cell proliferation was stimulated by cancer cells. However, this study did not directly observe the cancer cells and mesothelial cells in MA. In this work, we combined the synchronous multiplexed staining properties of QDs with MA cytology to develop the QD-based multiplexed imaging technique, which provided a new method to synchronously observe cancer cells, macrophages, and lymphocytes in MA. With this method, the complex components of the tumor microenvironment could be observed directly, an ability that will be helpful in the studies focusing on the relationship between cancer cells and tumor microenvironments.
Moreover, we synchronously labeled cancer cells with anti-CEA, anti-CA125, and anti-CA19-9 antibodies to improve the diagnostic accuracy.
The research on MA is mainly for improving therapeutic efficacy. In this regard, previous studies were mostly focused on searching for the optimal chemotherapy regimens against MA, including the paclitaxel with tegafur regimen, the combined intraperitoneal recombinant human endostatin and chemotherapy regimen, the catumaxomab regimen, the cediranib regimen, immunotherapy, and others. [29] [30] [31] [32] [33] [34] [35] [36] However, the rate of complete remission with these regimens remains less than 30%.
Fundamentally, all of these studies have been focused on finding the best regimen to cure all MA. The fact that tumors are highly heterogeneous can not be ignored, 12, [37] [38] [39] [40] and one regimen to treat all MA is impossible. It is imperative to gain further insight into the biological features of MA, to understand the microenvironment of MA, and to classify MA. In our study, by using QD-based multiplexed imaging, we could observe different interactions and quantitative relations among the cancer cells and immunocytes. On the basis of such information, MA can be divided into four categories: 1) immunocyte-dominating type; 2) immunocyte-reactive type; (3) cancer cell-dominating type; and (4) cell-deletion type. 
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The ratio of cancer cells to immunocytes for these four categories had statistical significance. This finding further reveals the differences among immunologic statuses in MA. On the basis of the different immune reactive states of MA, therapies should be individualized. For MA in hosts with a better immune reactive state, the therapy regimen should focus on killing cancer cells, and for MA in hosts with a worse immune reactive state, the therapy regimen should focus on boosting immunotherapy. Thus, therapeutic efficacy of MA may be improved on the basis of this new classification. Due to the insufficient number of MA samples, the specific ratios of different categories of MA were not defined. In our future work, we will increase the number of MA samples and achieve longer follow-up. On the basis of the overall survival of these patients with MA and on the basis of the ratios of cancer cells to immunocytes, we defined the specific ratios of different categories of MA.
Conclusion
In this work, we developed a new QD-based multiplexed imaging method to directly reveal cancer cells, lymphocytes, and macrophages in the MA microenvironment. On the basis of this new method, we were able to classify MA by different interactions and quantitative relations of cancer cells and immunocytes, and we were able to further predict prognosis and improve therapeutic efficacy.
